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Coral Reefs: Potential Blue Carbon Sinks for Climate Change Mitigation
Abstract
Coral reefs are one of the most productive, and yet most vulnerable marine ecosystems. The global
decline of coral reefs induced by climate change and human activities has already affected the processes
of coral calcification and carbon cycling in the reef ecosystem, intensifying the long-standing CO2
"source-sink" debate over coral reefs. Despite the fact that coral calcification is accompanied by the
release of CO2 to the atmosphere, the significance of coral reefs as a carbon sink cannot be ignored,
given the complex biogeochemical processes in the reef ecosystem and the characteristic mixotrophic
lifestyle of the reef-building corals. From the perspective of increasing coral resilience to climate change,
this study attempts to clarify the controversy over the coral reef CO2 "source-sink" debate, explore the
possible ecological regulations and pathways to transform coral reefs from a carbon source to a carbon
sink, and provide theoretical framework and technical support for the deployment of ocean negative
carbon emissions and the implementation of the national carbon neutrality strategy
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The increased emissions of greenhouse gases such as
carbon dioxide (CO2) since the industrial revolution has led
to a warmer climate and more frequent natural disasters [1].
As a party to the Paris Agreement, China has always been the
backbone of global climate governance. In 2020, Chinese
President Xi Jinping announced to the world that China will
make efforts to achieve maximum CO2 emission before 2030
and carbon neutrality before 2060. In the same year, the Fifth
Plenary Session of the 19th Communist Party of China (CPC)
Central Committee further proposed the new requirement of
guarding the boundary of natural and ecological security and
the new deployment of improving the quality and stability of
ecosystems, reflecting China’s determination to actively
combat global climate change and its role as a responsible
great power. Emission reduction (reducing CO2 emissions to
the atmosphere) and sink enhancement (increasing absorption of atmospheric CO2) are equally important to carbon
neutrality. However, compared with emission reduction, sink
enhancement has not received much attention. The traditional
sink enhancement measures mainly focused on terrestrial
ecosystems (e.g., afforestation). As the conflict between
population growth and land/food shortage intensifies, the
negative emissions of oceans, which store 93% of the total
carbon on Earth, have been revisited [2].
Coral reef is the most biologically diverse marine

ecosystem, with an estimated annual sequestration of 900
million tons of carbon on a global scale [3]. The primary
productivity of coral reefs is up to 300–5 000 g C·m−2·a−1,
while that of non-coral reef systems only accounts for 50–600
g C·m−2·a−1 [4]. Although the role as a potential carbon sink
has long been recognized [5,6], coral reefs have been defined
as a carbon source due to CO2 release during calcification [7].
Currently, the carbon source/sink properties of coral reefs are
still controversial and coral reefs have not been included in
the blue carbon budget of coastal zone represented by coastal
wetland ecosystems (e.g., mangroves, salt marshes, seagrass
beds) [8]. Therefore, clarifying the source-sink debate over
coral reef ecosystems and exploring the ecological approaches to transform coral reefs from a carbon source to a
carbon sink are urgent tasks for the ecological restoration of
coral reefs and will serve the national goal of carbon neutrality and green development strategy.

1 Impact of global change on coral reef
ecosystem
Coral reefs, known as the “rainforests in the ocean”, represent the marine ecosystem with the highest productivity
(i.e., organic matter production via CO2 fixation) and play an
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important role in the global carbon cycle. The high productivity of coral reef ecosystems relies mainly on photosynthetic dinoflagellates in the family Symbiodiniaceae
(collectively called zooxanthellae) that are symbiotic with
corals [9,10]. Zooxanthellae provide 95% of photosynthates
(sugars, amino acids, oxygen) to corals for their growth and
calcification, while corals provide zooxanthellae with metabolic wastes (CO2, nitrogen, and phosphorus) as nutrients [11].
Coral reefs are yet the most vulnerable marine ecosystems
sensitive to environmental changes. Since the industrial revolution, massive emissions of greenhouse gases, rapid development of economy in coastal areas, continuous land
reclamation, and excessive exploitation of resources have led
to a series of ecological problems such as global warming,
ocean acidification, and sea level rise. These problems have
put nearly 1/3 of global reef-building corals on the verge of
extinction, caused continuous degradation of coral reef ecosystems, and increased the frequency and severity of coral
bleaching events [12]. Coral bleaching is a status of response
to environmental stress, making the corals become pale or
even completely transparent as a result of a large number of
symbiotic zooxanthellae expelled from the coral tissue. If not
relieved promptly, bleaching will eventually cause massive
mortality or even extinction of corals. Global warming and
increased seawater temperature have caused three ultra-large-scale bleaching events in the famous Australian
Great Barrier Reef since 1980 when observational data were
available [13]. The triangle area of coral reefs located at the
confluence of the Indian Ocean and the Pacific Ocean has
also experienced a severe recession. For example, the coverage of reef-building corals in the Philippines has declined
by nearly 1/3 in the past decade [14]. The scale and severity of
coral bleaching in the northwestern part of Hainan Island and
Weizhou Island in Guangxi of China in 2020 were described
as “historically rare,” and the coral mortality was estimated to
be more than 86%, with less than 20% of the corals still retaining intact polyps [15]. The increasing environmental stress
not only threatens the survival of coral reefs, but also increases the difficulty of judging their carbon source/sink
properties. Therefore, there is a pressing need to address the
scientific challenges of strengthening ecological restoration
of coral reefs, improving their resilience to environmental
stress, and maintaining their potential carbon sink function.

carbon flux and carbon budget [6,7]. The carbon flux in coral
reef areas is mainly regulated by organic carbon metabolism
(photosynthesis versus respiration) and inorganic carbon
mineralization (precipitation versus dissolution of CaCO3)
(Figure 1). The efficiency of organic carbon metabolism is
extremely high in coral reefs, with the net productivity of (0 ±
0.7) g·C·m−2·d−1 [23]. That means almost all the CO2 fixed by
photosynthesis is utilized. Therefore, the CO2 flux in coral
reefs may be mainly regulated by inorganic carbon mineralization, i.e., net CO2 release during coral calcification and
dissolution [24]. It is estimated that precipitation of 1 mol
CaCO3, even buffered by seawater, releases 0.6 mol CO2 to
the atmosphere [7]. However, tracing the source and transport
of inorganic carbon using H14CO3− and 45Ca dual-isotope
labeling showed that 70%–75% of the dissolved inorganic
carbon utilized by reef-building coral calcification was derived from metabolism of the coral holobionts [25]. This is
consistent with the hypothesis that not all the CO2 released by
respiration is emitted to the atmosphere, but some was used
for the formation of CaCO3 skeleton [26], suggesting that
organic carbon metabolism can also be a net sink. In addition,
the primary productivity of coral symbionts may be limited
by CO2 [27]. Therefore, the relative contributions of net organic carbon metabolism and net inorganic carbon mineralization in the coral holobionts should be considered in the
evaluation of the net CO2 flux of coral reef community [28].

2 Debate on carbon source/sink properties of
coral reefs

It is worth noting that the source/sink properties of coral
reef ecosystems are not necessarily the same as the carbon
source or sink functions of reef-building corals. (1) From the
perspective of reef-building corals, elevated atmospheric CO2
concentration may effectively relieve the carbon limitation on
the symbiotic zooxanthellae and enhance their photosynthesis and primary productivity. However, ocean acidification
caused by elevated CO2 inhibits the calcification of
reef-building corals, resulting in lower carbon sink activity.
Models have predicted the uncertainty in the source/sink
properties of multiple reef ecosystems in the Indo-Pacific

The sea-air CO2 partial pressure difference is the key
factor in determining whether a sea area is the source or sink
of atmospheric CO2 [16]. It has been long in debate on whether
coral reefs are net source [17–19], net sink [5,6,20], or shifting
between source and sink [21,22]. The complex physical,
chemical, and biological processes in different coral reef
areas make it difficult to achieve consistent calculation of

Figure 1 Schematic illustration of modes and pathways of enhancing carbon sequestration in coral reef ecosystems
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Ocean on the seasonal scale when excluding the effects of
other biological factors [29]. (2) Ecosystems are not isolated,
and carbon exchange exists between coral reefs and other
blue carbon ecosystems, which is often ignored in the
source-sink calculations. In the mangrove–seagrass–coral
reef continuum, zooxanthellae can fix large amounts of dissolved inorganic carbon from mangroves and seagrass beds.
The CO2 released by corals into seawater can be reused by
primary producers such as macroalgae, seagrasses, and calcifying algae, and the continuum as a whole thus demonstrates high carbon sink activity [30]. In addition to
zooxanthellae, corals also associate with bacteria, archaea,
fungi, and viruses. The concept of microbial carbon pump
(MCP) proposed by Chinese scientists has confirmed that
microbial communities can convert organic carbon into recalcitrant dissolved organic carbon (RDOC) through a series
of metabolic processes for millennial-scale storage, and this
mechanism of carbon storage has become an important
driving force of blue carbon [31]. Despite a lack of estimated
contribution of symbiotic microorganisms to coral reef carbon cycle, this MCP-driven RDOC storage process, which
can occur simultaneously inside and outside the coral holobionts, has a significant effect on the carbon sequestration of
coral reefs (Figure 1).
At present, the research on carbon source-sink of coral reef
ecosystems has been rather limited. In particular, the processes and mechanisms underpinning carbon cycling at cellular, organismal, and community levels may be much more
complicated than previously thought [17], and the role of coral
reef ecosystems as a blue carbon reservoir has not been clarified. The tackling of this issue necessitates a global study on
the contribution of coral reefs to sea-air CO2 exchange.

3
Coral reef ecological health and its
source-sink effect
As a typical mixotroph, the flexibility of reef-building
corals to shift between autotrophic and heterotrophic lifestyles, will affect or even determine the carbon source/sink
properties of coral reef ecosystems [32]. Theoretically, when
the holobiont is dominated by autotrophic growth, the
amount of CO2 fixed by the photosynthesis of zooxanthellae
is higher than that released by coral respiration, and the coral
reef area would act as a carbon sink. When the holobiont is
dominated by heterotrophic growth, corals will obtain additional energy by feeding on zooplankton and suspended particulate organic matter through polyp tentacles. In such case,
the amount of CO2 released by respiration exceeds that fixed
by zooxanthellae, and the reef area generally serves as a
carbon source. With intensified external stress, corals expel a
large number of symbiotic zooxanthellae (i.e., bleaching),
resulting in the shortage of autotrophic energy mainly produced by zooxanthellae to maintain the basic metabolism of
corals, and the holobiont passively undergoes the source-sink

inversion from autotrophic to heterotrophic growth. Although heterotrophic predation to some degree can alleviate
the stress on corals, coral reef ecosystems are highly likely to
collapse and disintegrate when corals overly depend on heterotrophic growth and abandon the efficient, self-sufficient
carbon cycle within the holobionts. Due to environmental
disturbance and prolonged stresses of nutrients, suspended
solids, and sediments caused by excessive anthropogenic
activities (reclamation, dredging, terrestrial input), coral reefs
in China are experiencing severe degradation [33], and
reef-building corals are dominated by stress-tolerant species [34]. Enhanced heterotrophic metabolism may be a contingent adaptation of stress-tolerant corals [35], and the
ecological consequence would be a shift from a carbon sink
system dominated by healthy reefs to a carbon source system
dominated by degraded reefs.
During reef formation, a large amount of carbonate is
deposited, and the annual deposition of CaCO3 in coral reef
areas is estimated to be 0.084 Pg C (1 Pg = 1015 g), accounting for 23%–26% of the annual CaCO3 deposition
globally [24]. It is conceivable that CO32− concentration, carbonate saturation, and coral calcification will decrease with
the increase in seawater CO2 concentration (ocean acidification). Meanwhile, coral skeletons become brittle and fragile,
and show slower growth and weaker resistance to wind and
waves. As a direct consequence of ocean acidification, CaCO3 skeleton is dissolved to release large amounts of CO2
into the ocean, causing irreversible effects on the carbonate
system. In addition, the degradation of coral reef ecosystems
may have significant cascading effects, leading to a decline in
spatial structural diversity, a decrease in biodiversity, simplification of food web structure, and a decrease in trophic
levels. Consequently, this “phase transition” leads to the
release of organic carbon originally fixed in organisms at
various trophic levels and reduces the total carbon storage of
coral reef ecosystems. Thus, healthy coral reef ecosystem can
be a net sink of atmospheric CO2 while the degraded one
becomes a net source of atmospheric CO2.
The rapid development of science and technology facilitates the research on the ecological health of coral reefs and
their carbon “source-sink” effects. For example, the δ13C
stable isotope technique based on specific compounds (e.g.,
amino acids and lipids) can quantitatively evaluate the share
of energy obtained at different trophic levels by tracing the
transport and partitioning of organic carbon in food webs.
This technique is expected to solve the problem of carbon
partitioning and energy traceability in coral reef ecosystems,
and clarify the flexible nutritional modes of corals, especially
the energy transfer and carbon partitioning in coral reefs at
different health states [36]. In addition, nanoscale secondary
ion mass spectroscopy (NanoSIMS) emerged in recent years
can be used to trace and quantify the fingerprints of organic
carbon transport in coral holobionts in situ at the subcellular
ultra-microscale, and delineate in greater detail the processes
and mechanisms of nutrient interaction, element cycling, and
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energy transfer among corals, zooxanthellae, and microorganisms, especially the relative contribution of different
biological processes (e.g., coral calcification, zooxanthellae
carbon fixation, and microbial metabolism) to carbon
source/sink [37]. These techniques help reveal the mechanisms
of carbon fixation and storage and the dynamics of carbon
flux in coral reef ecosystems in a comprehensive and multi-faceted manner, providing theoretical framework for the
establishment of modes and pathways of enhancing carbon
sequestration in coral reefs.

4 Modes and pathways of enhancing carbon
sequestration in coral reef ecosystems
The following four measures should be considered to
clarify the carbon “source-sink” debate and enhance the
carbon sink function of coral reefs.
(1) Conduct systematic research on carbon flux and budget
to clarify the long-standing “source-sink” debate on coral
reefs. On the ecosystem scale, efforts should be made to reveal
the mechanisms of energy transfer between coral reefs and
adjacent blue carbon ecosystems (e.g., seagrass beds), establish the energy transfer models for specific sea areas, and
explore the feasibility of increasing the overall carbon storage
benefits of blue carbon ecosystems from the perspective of
improving energy transfer efficiency [30]. Meanwhile, comparative analysis of the carbon cycle and carbon flux in selected coral reef areas on the regional scale is needed to
identify the potential factors affecting the carbon source/sink
of coral reefs, the spatial and temporal differences, and the
coral reef responses to climate change and human activities.
On the ultramicroscopic subcellular scale, monitoring organic
carbon transport in situ within the coral holobionts using
high-precision, high-resolution isotope tracing techniques
(e.g., amino acid δ13C) is highly recommended, which facilitates the reconstruction of energy transfer model involving
zooxanthellae, corals, and microorganisms [38].
(2) Strengthen the practice of protection and restoration
towards healthy coral reefs as a potential carbon sink. Improving coral survival and coral reef coverage is a prerequisite to enhance the carbon sequestration of coral reef
ecosystems. In the context of climate change, asexual propagation-based restoration approaches, such as coral nursery,
transplantation of coral colonies or fragments, and artificial
reefs [39], can no longer meet the need to improve coral genetic diversity and ecosystem stability [40,41]. Modern restoration techniques developed on the basis of coral sexual
reproduction, such as trans-latitude transplantation [42], gamete hybridization [43], heritable breeding based on the
screening of stress resistance genes [44], and probiotic therapy [45], provide insights into the screening and breeding of
super corals with strong environmental adaptability, stress
resistance, and resilience. On one hand, these genetically
modified super corals are resilient to climate change, which

facilitates the maintenance of biological hotspots in coral reef
areas and the storage of organic carbon within the system. On
the other hand, persistent and stable symbiotic relationships
can be maintained between corals and zooxanthellae, which
would enhance carbon burial in coral reef ecosystems by
improving algal photosynthetic carbon fixation and coral
calcification.
(3) Restrict terrestrial nutrient loads and anthropogenic
activities for coordinated land and ocean carbon sinks.
Strengthening land–ocean coordination and reducing terrestrial nutrient input can alleviate eutrophication in coastal
waters, reduce respiratory consumption of organic carbon,
and improve conversion of recalcitrant carbon, effectively
promoting the ability of MCP to sequester, store and transport
carbon to the deep sea [46,47]. In densely populated coastal
areas, proper treatment of domestic sewage and aquaculture
wastewater as well as intensive monitoring and early warning
can be employed to maintain nutrient hemostasis for a
healthy, autotrophic lifestyle of the coral reef ecosystem [48].
Avoiding strong disturbance from human activities (especially excessive coastal zone development, reclamation, and
dredging) can reduce the concentration and turbidity of suspended particulate particles in coral reef areas, thus increasing light penetration and improving the zooxanthellae
photosynthesis while reducing the heterotrophic feeding of
the corals. Therefore, the coordinated land–and ocean development not only regulates the trophic lifestyle of corals,
but also enhances the potential carbon sink capacity of coral
reef areas (Figure 1).
(4) Apply artificial upwelling to improve nutrient cycling
and carbon sinks in coral reefs. Artificial upwelling is an
emerging marine eco-engineering technology that has been
incorporated into the Special Report on the Oceans and
Cryosphere in a Changing Climate (SROCCC) of the Intergovernmental Panel on Climate Change (IPCC). This technology has great potentials in carbon sequestration
enhancement applications in coastal wetlands, mangroves,
and fish farms [49]. Upwelling brings up low-temperature and
nutrient-rich seawater from deep-ocean to shallow reefs,
enhancing the coral health and coral reef carbon sink capacity
by improving water quality and zooxanthellae photosynthesis [50]. Upwelling also facilitates the transport of organic
matter by water currents to the open ocean and increases the
RDOC generated by MCP while mitigating the coastal lagoon eutrophication caused by human activities and terrestrial input (Figure 1). Continued observations also suggest
that corals in the reef areas with upwelling exhibit lower
probability of bleaching and stronger resilience, which
showcases the potential application of artificial upwelling in
ecosystem protection and carbon sequestration enhancement [51].

5

Conclusions
At present, climate change undoubtedly represents the
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greatest threat to global coral reefs. Carbon neutrality is a key
factor in mitigating climate change, which can only be
achieved by increasing sink while reducing emissions.
Therefore, reasonable and effective approaches should be
developed to protect coral reefs against stresses caused by
climate change and human activities and to increase their
function as carbon sinks, which will contribute to future coral
reef conservation and restoration. In this article we propose a
scheme for coral reef restoration based on carbon sequestration enhancement. We suggest to increase the resilience of
coral reefs to climate change while enhancing their carbon
sink capacity through stepping up land–ocean coordination,
reducing terrestrial pollution, and planning rational coastal
zone construction. These draft plans need to be refined and
optimized in the future. By linking science to policy, we hope
to promote demonstrative research and development in
qualified sea areas to better serve the implementation of the
national strategy of carbon neutrality.
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